Chromosome rearrangements are large-scale structural variants that are recognized drivers of oncogenic events in cancers of all types. Cytogenetics allows for their rapid, genome-wide detection, but does not provide gene-level resolution. Massively parallel sequencing (MPS) promises DNA sequence-level characterization of the specific breakpoints involved, but is strongly influenced by bioinformatics filters that affect detection efficiency. We sought to characterize the breakpoint junctions of chromosomal translocations and inversions in the clonal derivatives of human cells exposed to ionizing radiation. Here, we describe the first successful use of DNA paired-end analysis to locate and sequence across the breakpoint junctions of a radiationinduced reciprocal translocation. The analyses employed, with varying degrees of success, several well-known bioinformatics algorithms, a task made difficult by the involvement of repetitive DNA sequences. As for underlying mechanisms, the results of Sanger sequencing suggested that the translocation in question was likely formed via microhomology-mediated non-homologous end joining (mmNHEJ). To our knowledge, this represents the first use of MPS to characterize the breakpoint junctions of a radiation-induced chromosomal translocation in human cells. Curiously, these same approaches were unsuccessful when applied to the analysis of inversions previously identified by directional genomic hybridization (dGH). We conclude that molecular cytogenetics continues to provide critical guidance for structural variant discovery, validation and in ''tuning'' analysis filters to enable robust breakpoint identification at the base pair level. Ó 2018 by Radiation Research Society
INTRODUCTION
Large-scale structural rearrangements in DNA, such as chromosomal translocations and inversions, figure prominently in a number of human disease states, especially cancer, and their importance as driver aberrations in leukemias is well established (1, 2) . The cells of virtually all cancers harbor chromosomal rearrangements (3, 4) . In some cases these are known to be the underlying causative event; in others, they are a major source of carcinogenic genomic instability. All agents capable of producing chromosomal aberrations are carcinogens, and conversely, virtually all carcinogens are also clastogens (5) . In addition, because the analysis of structural chromosomal aberrations provides precise quantifiable data on a cell-by-cell basis, it has become the ''gold standard'' for use in radiation biodosimetry (6) (7) (8) .
The large majority of chromosomal aberrations caused by ionizing radiation are exchange-type aberrations. Asymmetrical exchange products include dicentrics, microscopically visible interstitial deletions and ring chromosomes. Rings and larger interstitial deletions transmit poorly to cell progeny because they are likely to contain vital genetic information necessary for cell survival (9, 10) . Consequently, they would play a role in radiotherapy. Although smaller interstitial deletions transmit with higher frequencies, of primary concern to carcinogenesis and mutagenesis are the transmissible symmetrical products of misrepair: chromosomal translocations and inversions.
Radiation-induced chromosomal aberration formation has been a focus of study for several decades (11) (12) (13) . From a biophysics standpoint, quite a bit is known about the relationship between radiation exposure and cytogenetic damage, including the effects of absorbed dose, dose rate, ionization density and (more broadly speaking) energy deposition/track structure (14) . By comparison, it is only relatively recently that information has begun to emerge about chromosomal aberration formation and underlying DNA repair/misrepair processes at the molecular level.
Most translocations (e.g., in leukemias) were first discovered utilizing classical cytogenetic methods, such as chromosome banding applied to metaphase chromosomes. Molecular cytogenetic approaches have advanced extensively to embrace more sensitive and specific hybridization strategies for detecting structural rearrangements. These include the combinatorial whole-chromosome painting methods of multicolor fluorescence in situ hybridization (mFISH) (15) and spectral karyotyping (SKY) (16) aimed at detecting rearrangements between different chromosomes (e.g., translocations) and, more recently, techniques like directional genomic hybridization (dGH) (17) designed to detect intrachromosomal rearrangements (i.e., inversions). These approaches complement other methods of genomic analyses, such as comparative genomic hybridization (CGH) and gene expression profiling that have facilitated discovery of translocations like the fusion of TMPRSS2 with ETS family transcription factors in prostate cancer (18) . Together, these techniques are revealing a growing number of structural variants (SVs) that would benefit from analysis at the DNA sequence level.
Two broad avenues of research have provided molecular insight into the formation of radiation-induced chromosome exchanges at the sequence level. In the first approach, DNA double-strand break (DSB)-inducing activities of rarecutting nucleases are used to mimic the effects of radiation-induced damage. An example is the pivotal work of Richardson and Jasin (19, 20) , who inserted exogenous recognition sites of I-SCE1 into the mammalian genome, and then used I-SCE1 to produce DSBs at those specific sites. The inserted sequences were constructed to allow selection of recombinants that restored function to an otherwise inactive gene, thereby allowing for its selection among a population of treated cells. Their results supported the notion that DSBs are the principle initiating substrates for the formation of chromosomal translocations, which form via (mis)repair process involving non-homologous end joining [NHEJ; e.g. (21) ].
The above view is consistent with long-standing cytogenetic dogma that it takes a DSB on each of the chromosomes involved to form an exchange-type aberration (22) . Important results from this work also include identification of a prominent role of the multifunction resection endonuclease CtIP (also known as RBBP8) in the formation of chromosomal translocations (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , which interacts with the MRE11-RAD50-NBS (MRN) complex in processing of DSBs. CtIP plays a role in homologous recombination repair, where it shares with NHEJ the same initial step in the processing of DSBs (33) . CtIP-mediated NHEJ is thought to represent an alternative (alt) pathway that differs from the more common canonical form of NHEJ (cNHEJ), whereby it is not dependent on Ku70 (34) . Whereas both alt-NHEJ and cNHEJ processes typically rely on short stretches of homology (a few base pairs) at recombinational junctions, the alt-NHEJ pathway tends to result in somewhat longer microhomologies at nascent breakpoint junctions. The majority of translocation junctions were formed via end joining with short microhomologies. These and other studies support the view that alt-NHEJ is the primary mediator of translocation formation in mammalian cells (35) (36) (37) (38) .
A second experimental approach is exemplified by seminal work conducted by Thacker and colleagues (39, 40) , who studied intragenic breakpoints associated with deletion mutations in the native human HPRT locus. Rather than using enzymatic cutting to produce DSBs, they exposed primary human fibroblasts to 3.3 MeV alpha particles. They found that approximately one-half of the radiation-induced mutants recovered had suffered large intrachromosomal deletions of part or all of the HPRT gene and reasoned that some portion of the latter were probably large enough to be seen under the microscope (i.e., as interstitial deletions). One-half of these had at least one breakpoint within the HPRT gene sequence located on the X chromosome. One of the mutants recovered had a breakpoint within HPRT, and the other breakpoint on chromosome 9, forming a translocation that was visible by mFISH. Sequencing across the resulting breakpoint junctions led to the following observations. Breakpoint junctions of large intrachromosomal deletions typically displayed short microhomologies (2-5 base pairs) characteristic of underlying NHEJ processes. Notably, the breakpoints themselves frequently occurred within repetitive DNA [e.g., Arthrobactor luteus (Alu), short and long interspersed nuclear elements (SINE and LINE, respectively)]. While these approaches have brought undeniable power and clarity to bear on the study of radiation-induced chromosomal aberrations, neither approach is immune from critique.
Regarding experimental approaches that employ enzymatically-induced DSBs, it is debatable whether these can ever fully mimic the complexity, molecular diversity and local lesion density associated with radiation exposure (41, 42) . Moreover, for a given target construct, the enzyme recognition sequences flanking the cut site, as well as their integration placement in the genome are fixed, as opposed to the presumably random distribution of initial lesions produced by radiation. This raises the possibility that the selection of enzymatic target sequence and its placement in the genome may affect results.
It should also be mentioned that some experimental approaches rely on strong selective pressure for cells to survive in the presence of otherwise-lethal agents (e.g., 6TG or G418). As a result, the frequencies of analyzable cells can be orders of magnitude lower compared to the recovery of transmissible aberrations in cells without such selection pressure applied. Consequently, unintentional selection bias is always a possibility.
Here, we introduce an experimental model system ostensibly unaffected by these issues. Our approach employed paired-end MPS of DNA associated with the breakpoints of chromosomal translocations and inversions that were first discovered using mFISH and dGH, respectively. In principle, MPS should be sufficiently robust for the analysis of large-scale SVs, and several computational algorithms have been designed for this purpose (43) (44) (45) (46) . These are generally based on detection of genomic SVs from split and/or discordant read pairs in paired-end sequencing data. However, the sensitivity and specificity of such sequencing-based methods for detection of largescale genomic rearrangements like translocations and inversions is not yet fully established.
Using a suite of paired-end sequencing analysis tools (47), we describe our attempts to detect and characterize chromosomal aberration/SV breakpoints in clonal populations selected from hTERT-immortalized fibroblasts whose progenitor cells were irradiated with either 137 Cs gamma rays or high-energy 56 Fe ions. Clones from irradiated populations were expanded from single cells and assessed for translocations and/or inversions using mFISH and dGH. We detail our experiences involving the attempted analysis of five clones carrying SVs and describe strategies used to successfully sequence across the breakpoint junctions of a (3:4) translocation in one of these five clones.
MATERIALS AND METHODS

Cytogenetics
Cell culture and irradiation. These were conducted jointly at the University of Texas Medical Branch (UTMB, Galveston, TX) and Colorado State University (CSU, Fort Collins, CO). Early on in the development of our experimental system, BJ-1 hTERT-immortalized human fibroblasts (N.I.A cell repository; Coriell Institute, Camden, NJ) were first subcloned. These were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, penicillin and streptomycin, and maintained at 378C in a humidified atmosphere of 5% CO 2 and air (48) . Clone K1 was chosen among these on the basis of its high plating efficiency, robust growth and karyotypic stability. They represent the parent culture from which all irradiated clones were derived.
Confluent K-1 cultures were gamma irradiated with either 1.0 or 4.0 Gy ( 137 Cs source, 662 MeV Mark I irradiator; JL Shepherd & Associates, San Fernando, CA) at a dose rate of 1.3 Gy/min at UTMB. Cultures exposed to 1.0 GeV/amu 56 Fe ions were irradiated with 1.0 Gy at NASA's Space Radiation Laboratory (NSRL, Brookhaven National Laboratory, Upton, NY). After a 12-h postirradiation recovery interval at 378C, cells were released from the densityinhibited state by trypsinization and plated at low density for clonal expansion. Individual clones derived from the growth of single cells were isolated using cloning cylinders without intentional regard to colony size or morphology. (For subsequent studies, aliquots were cryopreserved in liquid nitrogen for future use.) Colcemid (0.10 lg/ml final concentration) was added to individually-expanded cultures (clones) 4 h prior to hypotonic treatment and fixation in 3:1 methanol:glacial acetic acid. mFISH hybridization and image collection. Previously fixed cells were spread onto glass microscope slides by standard cytogenetic methods. Slides were then treated with acetone, RNase A and proteinase K before another fixation in 3.7% formaldehyde. Slides were dehydrated through an ethanol series (70, 85 and 100%) and air dried. They were then incubated in 728C formamide (70%) in 23 SSC (0.3 M NaCl, 0.03 M sodium citrate) for 2 min to denature chromosomal DNA. After dehydration through another ethanol series, 10 ll of denatured (10 min at 728C) SpectraVision 24-color mFISH Assay probe (Vysis; Abbott Molecular, Des Plaines, IL) was applied to each slide. Slides were covered with a 22 3 22-mm glass coverslip sealed into position with rubber cement. Samples were allowed to hybridize for 48 h in a 378C incubator. After hybridization, coverslips were removed and the slides were washed for 2 min in 0.43 SSC containing IGEPALt (0.3%) nonionic detergent at 728C. This was followed by a 30-s wash in 23 SSC (0.1% IGEPAL) at room temperature. Prior to image capture, 15 ll of DAPI (0.14 lg/ml) dissolved in Vectashieldt anti-fade mounting media (Vectort Laboratories, Burlingame, CA) was applied to each slide and covered with a 24 3 40-mm coverslip. For each cell, six fluor-dependent images were captured using a Zeiss AxioPhot epifluorescence microscope (Thornwood, NY) interfaced with a SensSys black-andwhite CCD camera. mFISH karyotypes were constructed from the six images using MetaSystems image analysis software (Newton, MA).
Directional genomic hybridization (dGH). The creation of directional strand-specific probes for human chromosome 3 has been previously described elsewhere (17) . Briefly, contiguous DNA sequences were downloaded from the NCBI genomic database (GRCh37.p2 primary assembly), which were masked using Genetic Information Research Institute (GIRI) software (Mountain View, CA) to remove repeat sequences. Single-stranded oligonucleotides were designed to unique sequences using Array Designer version 4.2 (PREMIER Biosoft International, Palo Alto, CA), and later with proprietary software (KromaTiD Inc., Fort Collins, CO), by tiling to small target regions at specified non-overlapping locations along the length of each chromosome 3 contig at ;1-Mb intervals. Oligo design criteria demanded similar directionality and length (;40 mers), as well as uniform melting temperatures (70.08C 6 5.08C). Some 17,000 individual oligos were synthesized (Invitrogene, Carlsbad, CA), hydrated and pooled into appropriate subsets for end-labeling with fluorescent dNTP analogs (Cy-3, Fluorescein; General Electric/ PerkinElmert Inc., Waltham, MA) using terminal transferase (New England Biolabst Inc., Ipswitch, MA). Pools of 90 individually labeled oligos constituted a probe set, which together spanned relatively short unique regions (;5-14.5 kb); probe sets were hybridized individually to confirm strand specificity. The complete chromosome 3-specific chromatid paint consisted of 190 probe sets.
dGH cell culture, slide pretreatment and hybridization. Clonallyderived cell cultures were grown for one round of DNA synthesis in the presence of 5.0 lM BrdU (5-bromo-2 0 -deoxyuridine) plus 1.0 lM BrdC (5-bromo-2 0 -deoxycytidine) (17, 49) . At CSU, microscope slides containing spread metaphases were incubated in PN buffer for 10 min at room temperature, rinsed in PBS, then dehydrated through an ethanol series (75, 85 and 100%) for 2 min each. Slides were air dried, stained with Hoechst 33258 (0.5 lg/ml in 23 sodium citrate; SSC) for 15 min in the dark, then rinsed with deionized distilled water (ddH 2 O). Slides were air dried, flooded with 23 SSC, coverslipped and exposed to 365 nm ultraviolet light (UV Stratalinkert 2400; Stratagene, La Jolla, CA) for 35 min, then rinsed in ddH 2 O to remove coverslip, air dried and dehydrated in the ethanol series, as above.
For each pretreated slide, a mixture of hybridization buffer (25.3 ll) and chromatid paint (2.25 ll) (both from KromaTiD Inc.) and ddH 2 O (2.45 ll) was prepared and heated to 758C for 5 min, then pipetted onto pretreated slides, which were coverslipped and sealed with rubber cement. Slides were heated at 738C for 3 min, then transferred to individual hybridization chambers (Corningt Inc., Corning, NY) and incubated at 378C overnight. After hybridization, the slides were washed five times in 23 SSC at 428C for 15 min each. Slides were rinsed in PN buffer, counterstained with DAPI/anti-fade (18 ll; Vector Laboratories) and coverslipped. Image capture and analysis was performed on an Olympust Bx41 microscope outfitted with fluorochrome-appropriate excitation/barrier filters, running MetaVuee 7.1 software and equipped with a Photometrics Cool-SNAP ES 2 camera.
Sequencing and Bioinformatics
Whole genome DNA libraries were generated using the Agilent SureSelectXT kit. For each clone, 1 lg of genomic DNA was sheared using a Covaris E220 to a peak target size of 150 base pairs (bp). Fragmented DNA was concentrated using AMPure XP beads (Beckman Coultert Inc., Fullerton, CA), and DNA ends were repaired using T4 DNA polymerase, Klenow polymerase and T4 polynucleotide kinase. A-tailing (3 0 ) with exo-minus Klenow polymerase was followed by ligation of Agilent paired-end oligo adapters to genomic DNA fragments. Ligated DNA was polymerase chain reaction (PCR)-amplified for eight cycles, purified using AMPure XP beads and analyzed using an Agilent Bioanalyzer DNA 1000 Sensitivity chip. Qualified libraries were quantitated by qPCR and sequenced on an Illumina HiSeq 2000 (San Diego, CA).
At the University of Texas Southwestern (Dallas, TX) whole genome sequence reads were mapped to the human reference genome (hg19) using Burrows-Wheeler Aligner software (BWA; version 0.7.12) (50), with default parameters. The mapped reads were sorted using SAMtools (v. 1.2.). Meerkat (46) (v. 0.185), was used to identify SVs that were supported by at least two discordant read pairs and one split read. To filter false positives, split reads sequences were extracted, and their mate pair sequences from fastq files for all SVs called with Meerkat. These split reads and their mate pairs were mapped to the human reference genome (hg19) using the BLAST-like Alignment Tool (BLAT) (v. 35) (51). BLAT results that matched the breakpoints provided by Meerkat were reported. At Oregon Health and Science University (Portland, OR), in addition to aligning whole genome reads to hg19 using BWA (50), duplicate PCR reads were removed using MarkDuplicates from Picard Tools. Realignment around single nucleotide variants and indels and quality score recalibrations were done using the Genome Analysis Toolkit (GATK) software library (52, 53) . To call SVs we used Geometric Analysis of Structural Variants (GASV) (v. 1.4) (54), DELLY (versions 0.1.1 and 0.6.7) and BreakDancer (v. 0.0.9) tools (55) . DELLY mapping quality (q) flag was set to 30.
RESULTS
BJ-1 hTERT-immortalized fibroblasts were irradiated with either
137 Cs gamma rays or 56 Fe ions, and metaphases analyzed using 24-color mFISH (15) and dGH (17, 49) to detect chromosomal translocations and inversions, respectively. These cells, which are effectively immortal, were expanded in culture after irradiation to provide clonal material for subsequent molecular analysis. Several of the irradiated clones contained reciprocal translocations and other rearrangements, five of which are discussed here. mFISH karyotypes of the chromosomes in four of these clones are shown in Fig. 1 . By comparison, .99% of nonirradiated cells showed a normal euploid 46, XY. In addition to these clones, Fig. 2A shows mFISH and chromosome-3-specific dGH analyses of a fifth clone, K1-400C4 (DNA sample 4A) that contained a reciprocal (3;4) translocation. Notably, the particular chromosomal translocation(s) found in each of the five clones were homogenous, meaning they were present in every cell within a given clone. As discussed below, K1-400C4 became the main focus of our studies, primarily because it also contained a prominent paracentric inversion involving chromosome 3, as shown in Fig. 2B . A schematic of dGH is provided in Supplementary Fig. S1 (http://dx.doi.org/10.1667/ RR15053.1.S1).
We analyzed the five clones carrying rearrangements described in Figs. 1 and 2 (and one control clone showing no aberrations) using paired-end sequencing to identify exact breakpoints for each SV. Whole genome libraries were prepared using DNA from each clone. Each DNA sample was sonicated, ligated to Agilent paired-end oligonucleotides and PCR amplified. The amplified fragments were purified and were initially sequenced to ;83 genome coverage on an Illumina HiSeq 2000. We compared reads from the aberration-bearing clones to those from the nonirradiated control clone to identify SVs. We applied several SV detection tools, as these evolved during the course of this effort, which spanned some five years.
We aligned 100 base pair, paired-end sequences to the hg19 human reference genome using BWA (50) . We used SAMtools to sort and index the alignments and MarkDuplicates from Picard Tools (43) to remove duplicate reads generated during the PCR amplification stage. After duplicate removal, we realigned reads around single nucleotide variants and indels using the GATK Software library (52, 53) . We called local positions to target for realignment using RealignerTargetCreator and the reads were realigned using IndelRealigner. Finally, we recalibrated quality scores using GATK BaseRecalibrator and PrintReads, which binned reads based on the original quality score, the dinucleotide and the position in the read. We first used the GASV (v. 1.4) (54), DELLY (v. 0.1.1) (45) and BreakDancer (v 0.0.9) (43) tools to detect breakpoint junctions but were unable to identify the SVs expected from the cytogenetic studies. We then reduced the read length to 50, realigned the sequences and used the same tools to identify SVs. In a parallel effort, we used Meerkat (46) to identify partially mapped reads and pairs in which one of the mates is unmapped. The unmapped portions of the soft clipped reads and cleaved ends of unmapped reads were then remapped to identify candidate SVs.
None of the above efforts identified the breakpoint junctions of the rearrangements that were apparent by mFISH or dGH in any of the five clones. Next, we used an updated DELLY (v. 0.6.7) tool, one of the top scoring tools in the International Cancer Genome Consortium DREAM challenge (ICGC-TCGA) (56) for SV identification. This tool identified many rearrangements and inversions, but nearly all were predicted at low confidence and supported by only two or three reads. This failure to detect aberrations led us to focus subsequent aberration detection efforts on clone K1-400C4 carrying a reciprocal translocation, which was classified as t(3;4)(q26.3;q31) by G-banding (Supplementary Fig. S2 ; http://dx.doi.org/10.1667/RR15053.1.S1). As mentioned, this clone also contained various inversions in chromosome 3 that were readily detected by dGH. Interestingly, but perhaps not unexpectedly (given their small sizes), none of these were visible by conventional Gbanding or multi-fluor combinatorial banding (mBAND; not shown) (57, 58) .
We resequenced this clone to 303 coverage and again called rearrangements using DELLY (v. 0.6.7). This enabled us to identify a candidate t(3;4) reciprocal translocation, but there were also many other likely false positive breakpoints. We filtered out false positive SVs that occurred from reference mapping artifacts by comparing DELLY calls from clone K1-400C4 to those made in a panel of five normal samples, comprised of the nonirradiated clone 2B (from this study) and four normal samples from ICGC. This reduced the total number of potential translocations identified by DELLY from 2,279 to 31. We further reduced the number of candidate translocations to the six listed in Table 1 by requiring .2 supporting pairedend reads for each SV. This same strategy reduced the candidate inversion count from 845 to 19 (Table 2) .
Using the data from whole genome sequencing, the best supported candidate was chosen for validation by Sanger sequencing. PCR primers were designed to amplify both anticipated products of a reciprocal translocation between chromosomes 3 and 4. Sanger sequencing (Fig. 3) of the amplified PCR products revealed a translocation event that resulted in a 1-bp deletion of chromosome 4 and a 6-bp deletion of chromosome 3, with the translocation occurring within a 4-bp (AAGG) overlap between chromosome 3 and 4 (Fig. 4) . We took this as confirmation of the t (3;4)(q26.3;q31) translocation detected by G-banding,   FIG. 1 . mFISH karyotypes of four individual clones that contained stable translocations resulting from ionizing radiation exposure. Clone K1-F18 is derived from exposure to 1.0 GeV/amu Fe ions; the remaining three clones are derived from exposure to 137 Cs gamma rays. The rearrangements shown were observed in every cell within a particular clone. All clones harbored simple reciprocal translocations. In addition to a simple translocation, K1-400 H6 also contained a complex exchange that simultaneously involved three chromosomes. mPAINT nomenclature (62) is used to describe the various simple and complex translocations observed. mFISH and dGH. A BLAT alignment showed that chromosome 3-flanking sequences mapped to a long terminal repeat (LTR) sequence and that the chromosome 4 sequence mapped within a LINE (Supplementary Figs. S3 and S4 http://dx.doi.org/10.1667/RR15053.1.S1). The chromosome 4 mapping within the LINE explains our observation of many other highly homologous matches within this region.
Interestingly, the existence of t(6;9) and t(1;10) translocations received significant bioinformatics support, despite these rearrangements not being visible (i.e., validated) by mFISH or dGH analyses (Table 1) . Conversely, we failed to find bioinformatics support for the prominent paracentric inversion observed within chromosome 3 by dGH, even after filtering against SVs found in the panel of normal samples (Table 2) .
DISCUSSION
The goal of this study was to determine the extent to which paired-end MPS could be used to determine the sequences across the breakpoints of radiation-induced SVs, specifically chromosomal translocations and inversions present in clones isolated from irradiated cells. Analyses initially focused on five clones in which aberrations were demonstrated by mFISH and dGH to be homogeneously present in essentially all cells. The aberrations in four clones were induced by exposure to 137 Cs gamma rays, a radiation of low-linear energy transfer (LET). Aberrations in the fifth clone were induced by exposure to 1 GeV/amu 56 Fe ions, a high-LET radiation.
Summarizing our results for the sake of discussion, initial studies were performed using information obtained from paired-end analyses in which the genome coverage achieved (46) . Over the course of the analysis period, SV discovery tools continued to improve, so several cycles of analysis were performed. Surprisingly, none of the cytogenetically apparent aberrations were found using the collection of SV discovery tools. We then explored the possibility that failure to detect the known SVs was due to insufficient read depth by resequencing clone K1-400C4 to achieve 303 genome coverage. Analyses of these data using a current version of DELLY (v. 0.6.7) suggested the presence of thousands of potential translocations and inversions. These were reduced to a manageable number by comparing candidate SVs to those in normal cells, to eliminate mapping artifacts and polymorphic SVs, and by increasing the number of breakpoint reads required for an SV call. One of the candidate SVs that passed these filters involved breakpoints at 3q26.2 and 4q31.1. Within the resolution associated with breakpoint assignment by G-banding (59), we consider these locations identical to those of the t(3;4)(q26.3;q31) translocation previously identified cytogenetically. This SV was validated by Sanger sequencing of PCR products generated using primers designed to allow amplification across the presumptive breakpoint. These studies showed that the sequences flanking both breakpoints involved elements of LTR and LINE, which almost certainly complicated SV detection. This would seem to suggest that MPS analysis of larger-insert libraries may help to resolve this problem in future studies. Massively parallel sequencing analysis failed to identify sequences spanning inversion breakpoints on chromosome 3, despite compelling cytogenetic evidence for their existence provided by dGH. Note, for example in Table 2 , that while a number of prospective breakpoint locations received significant bioinformatics support, none were within chromosome 3. It is possible this failure stems from extensive polymorphism within the population, although it seems more likely that this is due to higher levels of rearrangement complexity not apparent at the cytogenetic level. Likewise, we note that clone K1-400H6 (Fig. 1) contained a complex translocation involving three chromosomes and surmise that such complexity may well extend into the submicroscopic level. Alternatively, failure to locate the inversion may be due to the extensive involvement of repetitive sequences at the breakpoint sites. Here again, generation and analysis of larger insert libraries may be necessary to discover and sequence across the breakpoints. Figure 4 shows that the otherwise reciprocal t(3;4) breakpoint junctions of clone K1-400C4 involved the resection of 1-6 base pairs, as well as a 4-bp overlap of homology. (It is worth noting this result required sequencing across both breakpoints of the reciprocal translocation, and that this level of information is not easily obtainable with other experimental systems.) These results support the conclusions of others who, despite using fundamentally different experimental approaches, concluded that translocation formation is driven by microhomology-mediated/ alternative non-homologous end joining (mmNHEJ/alt-NHEJ) processes (20, 34, 39, 40, 60) . The finding that both the breakpoints in this translocation occurred within DNA repeats is also noteworthy, but not altogether surprising, given the collective abundance of DNA repeats in the human genome (61, 62) . Although it is premature to make generalizations at this early stage, this result is currently explainable on the basis of randomness of radiogenic DSBs serving as substrates for interchromosomal recombination. If so, then we can expect radiation-induced exchange breakpoints within DNA repeat sequences to be commonplace, quite unlike that for the vast majority of other studies using MPS to examine large-scale SVs, where the exchange breakpoint locations are sought in connection with a phenotypic outcome and are therefore more likely to occur in coding regions.
DNA repeats are problematic for all methods of sequencing, but perhaps especially so for paired-end approaches, which employ relatively short sequence reads (100 bp). Strategies making use of larger insert libraries (and longer reads) promise to circumvent many of the problems related to repetitive DNA. It is worth contemplating the use of mate-pair sequencing (63) as a prelude to whole genome paired-end sequencing (64) in future studies. Other possibilities include more recently developed approaches, such as single molecule real-time sequencing (65) or linked-read sequencing (66) .
Hopefully, these would also alleviate the problems we incurred with inversion analysis, which is important, since radiation-induced inversions are almost certainly more abundant than translocations (49) . Additionally, longer reads may aid the analysis of complex exchanges of the type represented by clone K1-400H6 (Fig. 1) .
Whereas MPS has been recently applied to the analysis of radiation-induced intrachromosomal SVs (67), we are unaware of studies that have employed our particular approach, which involved MPS applied to the analysis of radiation-induced interchromosomal SVs that were first identified by molecular cytogenetic techniques. We conclude that modern molecular cytogenetic analysis tools like mFISH and dGH provide an important complement to paired-end MPS in SV discovery and analysis. Prior cytogenetic demonstration of structural aberrations/variants allows development of analysis filters to remove false positive SV calls, selection of the proper sequencing read depth and, in some cases, may indicate the need to switch to larger insert libraries to cross repeat-rich regions. As they continue to evolve, MPS-based strategies may well become sufficiently robust for use as a stand-alone approach to SV analysis. For now, molecular cytogenetics continues to provide crucial guidance in SV discovery and validation efforts. Table S1 . Map of repeat elements associated with the t(3;4) translocation in clone K1-400C4. 
